Molecular dynamics (MD) is an essential tool for correlating collision cross-section data determined by ion mobility spectrometry (IMS) with candidate (calculated) structures. Conventional methods used for ion structure determination rely on comparing the measured cross-sections with the calculated collision cross-section for the lowest energy structure(s) taken from a large pool of candidate structures generated through multiple tiers of simulated annealing. We are developing methods to evaluate candidate structures from an ensemble of many conformations rather than the lowest energy structure. Here, we describe computational simulations and clustering methods to assign backbone conformations for singly-protonated ions of the model peptide (NH 2 -Met-Ile-Phe-Ala-Gly-Ile-Lys-COOH) formed by both MALDI and ESI, and compare the structures of MIFAGIK derivatives to test the 'sensitivity' of the cluster analysis method. Cluster analysis suggests that [MIFAGIK ϩ H] ϩ ions formed by MALDI have a predominantly turn structure even though the low-energy ions prefer partial helical conformers. T he emphasis of mass spectrometry based biological chemistry is shifting from compound identification to structural studies of large biomolecules and biomolecule complexes [1] [2] [3] [4] [5] [6] [7] , including membrane proteins [8] . The next phase of 'omics' related research must be aimed at obtaining and predicting additional dimensions of information, such as secondary, tertiary, and quaternary structures and linkage-specific information for glycans. Although sophisticated structural characterization tools, such as NMR and XRD, provide the most information, high throughput analysis of complex biological mixtures obtained by using these techniques is an underdeveloped technology. On the other hand, IMS is much more than a separation device, the structural information derived from 2D conformation space afforded by IM-MS is potentially well-suited to both high throughput applications and complex biological samples.
T he emphasis of mass spectrometry based biological chemistry is shifting from compound identification to structural studies of large biomolecules and biomolecule complexes [1] [2] [3] [4] [5] [6] [7] , including membrane proteins [8] . The next phase of 'omics' related research must be aimed at obtaining and predicting additional dimensions of information, such as secondary, tertiary, and quaternary structures and linkage-specific information for glycans. Although sophisticated structural characterization tools, such as NMR and XRD, provide the most information, high throughput analysis of complex biological mixtures obtained by using these techniques is an underdeveloped technology. On the other hand, IMS is much more than a separation device, the structural information derived from 2D conformation space afforded by IM-MS is potentially well-suited to both high throughput applications and complex biological samples.
A number of laboratories have focused their research on developing IM-MS for biophysical studies of peptides and proteins [9 -14] . In previous work, we showed that a large proportion of singly charged peptide ions (formed by MALDI) appear on a single trendline in 2D mobility-m/z plots, i.e., plots of arrival-time distribution (ATD) or ion-neutral collision cross-section (⍀) versus m/z [15] ; however, a few ion signals deviate (Ͼ3% to ϳ20%) from the expected trendline and nonpeptidic ion signals appear on separate, compound class specific trendlines [14, 15] . Ruotolo et al. showed that gas-phase [M ϩ H] ϩ ions of LLGNVLVVVLAR (derived from bovine hemoglobin) prefer extended (helical) structure(s) resulting in a larger collision cross-section than random coil structures having the same or similar m/z values [12, 13] , while some post-translationally modified (PTM) peptide ions (phosphopeptides) tend to pack more tightly than the unmodified protonated peptide ions owing to intra-molecular charge-solvation and/or formation of salt-bridged type structures [16, 17] . In addition, we have used chemical derivatization via acetylation of the N-terminus and internal basic lysine residues and methylation of the acidic glutamic residues to show that the helical propensity of a given peptide can be increased by reducing the number of 'salt-bridge' intramolecular interactions [18] .
Molecular dynamics (MD) is the method of choice for correlating the measured collision cross-section (⍀ meas ) with candidate structures. Ion structure is derived by comparing ⍀ meas with the calculated collision cross-section (⍀ calc ) of the lowest energy structure obtained using MD simulations. This approach involves selecting the 'lowest energy structure' from a large pool of candidate structures generated through multiple tiers of simulated annealing [19] . It is important to note, however, the lowest energy structure may not be representative of ⍀ meas since under the experimental conditions, i.e., long resident times in the drift cell and small amounts of collisional heating can facilitate rearrangement reactions that may be subject to low-energy barriers. The ion population is composed of an ensemble of many conformations at a defined ion effective temperature range as opposed to a single conformation assumed at the lowest energy [20] .
The challenge for structure IM-MS is to design gas-phase experiments that critically evaluate the structural assignments [21] [22] [23] . The research described here is aimed at bridging the gap between the experimental domain of IM-MS and the MD simulations and bioinformatic tools that are essential to interpretation of the data. In this study, we apply a novel clustering algorithm to a model peptide to identify groups of structural elements from a large pool of diverse candidate structures. The clustering algorithm is similar to that used by Damsbo et al. [24] , i.e., have grouped the candidate structures based on the similarity of backbone structure; however, our procedure provides estimates of the uncertainty of the cluster membership and the degree of purity of the cluster.
In this study, we use NH 2 -Met-Ile-Phe-Ala-Gly-IleLys-COOH (MIFAGIK), residues 80 -86 of cytochrome c, as our model peptide to develop methods to evaluate the complete candidate structure population. We selected this peptide because the ⍀ meas for [M ϩ H] ϩ ions formed by MALDI is about 5% larger than that expected for globular conformation [15] and smaller than that expected for helical structure. The observation raises the question of whether the ion population is composed of a number of very similar conformations and can we use statistical analysis tools to gain information about structural diversity. Although simulated annealing experiments yield a lowest energy structure that contains a helical turn conformation in the region of the residues Ile 2 -Phe 3 -Ala 4 , candidate structures with ⍀ calc that fall within Ϯ2% of the measured value are comprised of a number of structure types. We have also compared MIFAGIK derivatives, including acetylated, Boc and Fmoc protected N-terminus, C-terminal methyl ester, Fmoc protected Lys 7 , and [M ϩ Na] ϩ ions. The experimental data provides new insight into the role of protecting groups in the N-and C-terminal positions and the role of the charge site in the conformational preference of small peptides.
Experimental

Materials
The peptide MIFAGIK (MW 778.5) was purchased from Genscript Corp. (Piscataway, NJ, USA) and used without further purification. Bradykinin (RPPGFSPF, MW 1060.2), substance P (RPKPQQFFGLM-NH 2 , MW 1346.6), anhydrous methanol, acetyl chloride, acetic anhydride Boc anhydride, 9-fluorenylmethyl chloroformate, and dioxane were obtained from Sigma (St. Louis, MO, USA). The peptide derivatives were synthesized using conventional solution phase methods [25, 26] . The acetyl, Boc and Fmoc group were used for amino group protection and the C-terminus was protected by the methyl ester. Deprotection of Boc group was performed using hydrochloric acid. All peptide sequences were confirmed using tandem mass spectrometry (Applied Biosystems 4700 Proteomics analyzer, Applied Biosystems, Foster City, CA, USA).
MIFAGIK-OMe
The methanolic HCl reagent was prepared by dropwise addition of 800 L acetyl chloride to 5 mL of anhydrous methanol with stirring. After 5 min, 200 L methanolic HCl was added to 1 mg of dry peptide. The solution was incubated for a period of 2 h at room-temperature and was dried by lyophilization. The resulting Omethyl ester was dissolved in 1 mL distilled water and used for mass analysis without further purification.
N-Ac-MIFAGIK
The stock solution of peptide MIFAGIK was prepared by dissolving 1 mg peptide in 1 mL of 50 mM ammonium bicarbonate. The acetylation reagent was prepared by mixing 10 L acetyl anhydride with 20 L anhydrous methanol and then added to 50 L peptide stock solution. The reaction was allowed to proceed for a period of 15 min at room temperature. The sample was dried by lyophilization. The peptide solution was reconstituted by mixing with 50 L distilled water and analyzed by mass spectrometry without further purification.
N-Fmoc-MIFAGIK
The Fmoc group was introduced by treatment of 10 L free peptide MIFAGIK stock solution with 10 g 9-fluorenylmethyl chloroformate in 10 L aqueous dioxane. The reaction was allowed to proceed for a period of 60 min at room temperature. The sample was dried by lyophilization. The peptide solution was reconstituted by mixing with 20 L distilled water and analyzed by mass spectrometry without further purification.
MIFAGIK-N-Fmoc
The MIFAGIK-N-Fmoc derivative was synthesized by first protecting the N-terminus with a Boc protecting group and then reacting with Fmoc followed by removable of the Boc group under acidic conditions. A solution of Boc-anhydride (2 moL) in 10 L anhydrous methanol was added to 10 L free peptide MIFAGIK stock solution. After stirring for 30 min at room temperature, the mixture was concentrated in vacuo. The residue was dissolved in 10 L aqueous dioxane in the presence of sodium carbonate to which 10 g 9-fluorenylmethyl chloroformate in 10 L aqueous dioxane was added. The reaction was allowed to proceed for 60 min at room-temperature. The Boc group was removed by addition of 5 L of 1.2 M HCl, which was allowed to react for 10 min. The product was then analyzed by mass spectrometry without further purification.
MALDI-IM-TOFMS
Stock solutions of peptide (1 mg/mL) were mixed with re-crystallized ␣-cyano-4-hydroxycinnamic acid (Sigma) in a molar ratio of ϳ2000:1, and 1 L aliquots of the peptide/matrix mixture was deposited on a stainless steel MALDI sample plate.
The MALDI-IM-TOFMS analysis was performed using a home-built instrument previously described [27] . Briefly, MALDI was performed using a frequency tripled (355 nm) Nd:YAG laser (CrystaLaser, Reno, NV, USA) operated at a pulse rate of 200 -400 Hz. The resulting ions were introduced into a 15 cm drift tube maintained at a pressure of ca. 2.7 Torr of He maintained at room-temperature. Under these conditions the E/p ratios range from 18 to 34 Vcm -1 torr-Ϫ1 , which provides mobility resolution of 15 to 25. The ions eluting the drift cell were extracted and mass analyzed by an orthogonal reflectron-TOF, typical m/z resolution ca. 2000 -4000. The mass spectrometer was externally calibrated using two-point calibration on C 60 (M r ϭ 720) and C 70 (M r ϭ 840) radical cations (Sigma) [5] . The measurements of collision cross sections were externally calibrated with [M ϩ H] ϩ ions of bradykinin (⍀ meas ϭ 245 Å 2 and substance P (⍀ meas ϭ 292 Å 2 [28] . The 2D IM-MS data were acquired and processed by using custom software (Ionwerks, Inc., Houston, TX, USA).
The experimental ion-neutral collision cross-sections were determined from the empirical drift times (t d ) by the following equation [29] :
where z is the charge of the ion, e is elementary charge, N 0 is the number density of the drift gas at STP, k b is Boltzmann's constant, m I is the mass of the ion, m B is the mass of buffer gas, E is the IM electric field strength, L is the drift tube length, P is the buffer gas pressure, and T is the system temperature.
Molecular Dynamics
Molecular dynamics simulations were performed as described previously [12, 30] . Peptide structures were first constructed using Insight II 2000 (Accelerys, San Diego, CA, USA). Starting structures were limited to four different structures: an extended form, ␣-helix form, 3 10 -helix form, and -helix form. For the peptide [M ϩ H] ϩ ions, we assumed that the proton was on the most basic residue, Lys and N-terminus, whereas for the [M ϩ Na] ϩ ions, Na ϩ was placed in a central position on the peptide backbone. Simulated annealing was performed with the OFF program in Cerius 4.9 (Accelrys) using the Consistent Force Field (CFF 1.02). During the simulation, the starting structures were gradually heated over the course of 280 ps in a stepwise fashion, (relaxation time is 0.1 ps and time step is 0.001 ps), starting and ending at 300 K and peaking at 1000 K. After each annealing cycle, a minimized structure was produced. Annealing cycles were repeated 300ϫ generating 300 minimized structures for each starting structure. Eight more structures were selected from first stage results as the starting structures of the second stage simulations, creating a total of 3600 minimized structures for each peptide. ⍀ calc of each minimized structure was calculated using the elastic hard sphere scattering (EHSS) method in the MOBCAL software [31] .
Dynamic Clustering Algorithm
We develop a novel clustering procedure as an integral part of our methodology to correlate IMS collision cross-section data with candidate structures. Our approach uses an ensemble of many conformations rather than simply the lowest energy structure. Damsbo et al. [24] also use clustering methods for this purpose, although our approach differs from theirs in several respects. First, the pairwise distance for our clustering procedure is the root-mean-squared-deviation (RMSD) of the backbone coordinates calculated between all pairs of simulated structures that correlate to Ϯ2% of ⍀ meas , whereas Damsbo et al. [24] defined the pairwise distance in terms of backbone torsion angles. Even more fundamental, however, is the fact that the clustering procedures themselves are quite different. Damsbo et al. use the k-means clustering procedure which, depending on the initial starting conditions, may converge to sub-optimal configurations. Even if the optimal clustering is found, however, k-means only produces a single clustering estimate. Our novel clustering procedure, while more computationally intensive, is robust to the initial starting configuration. Further, rather than merely giving a single clustering estimate, our procedure provides a distribution of clusterings. This allows us to investigate important aspects of the clustering distribution, including assessing the proximity of clusters and measures of clustering uncertainty.
Intuitively, our clustering procedure repeatedly reallocates structures among existing or new clusters based on the proximity (as measured by RMSD) of the structures to each other. For any given structure, the probability that it is allocated to an existing cluster is a function of the RMSD values between this structure and those already in the existing cluster. Rather than being forced into the cluster with the highest probability, however, a structure is randomly allocated to clusters based on these probabilities. Further, there is also a chance that a structure may form a new cluster. A key aspect of the algorithm is that the clustering is dynamic in that structures are reallocated among the existing and new clusters in each iteration. Repeated iterations provide a clustering distribution, from which a point estimate of clustering can be obtained and clustering uncertainly can be assessed. As we describe below, we use least-squares clustering [32] to obtain a point estimate and we assess uncertainty using the resulting pairwise probability matrix for whether two structures occupy the same cluster.
Formally, the dynamic clustering procedure can be explained as follows. A clustering of n structures can be represented by a set partition ϭ {S 1 , . . . , S q } of a set S 0 ϭ {1, . . . , n}, where the subsets are nonempty, mutually exclusive, and exhaustive. Two structures k and k' are clustered in cluster S if and only both k and k' are in S. The algorithm uses a Markov chain [32] starting at an initially clustering and updating according to the following transition rule. For k ϭ 1, . . . , n,
where S* is an new cluster not currently associated with any other structures and h k (S) is defined as follows. Let d kk' be the pairwise RMSD between structures k and k'.
t be a measure of proximity of items k and k', where d* is the overall maximum pairwise distance plus a small increment to ensure that all weights are strictly positive. Note that t has the effect of dampening or accentuating the proximity measurements. For each k ϭ 1, . . . , n, scale w k1 , . . . , w kn such that ⌺ k' k w kk' ϭ n Ϫ 1. Finally, define h k (S) ϭ ⌺ k'ʦS w kk' . Note that the probability of assigning a structure k to a new cluster is ␣/(␣ ϩ n Ϫ 1) and the probably to being assigned to an existing cluster is (n Ϫ 1)/(␣ ϩ n Ϫ 1).
A key theoretical consideration is whether this procedure has an equilibrium distribution. This Markov chain has a finite state space since the number of possible clustering, given by the Bell number, is finite. Since every clustering is accessible from every other clustering through repeated application of the transition rule, the Markov chain is irreducible. The Markov chain is aperiodic because, for every clustering, possibly an application of the transition rule will lead to the same clustering. Finally, since the weights are strictly positive, there is positive probability of returning to every clustering and the Markov chain is recurrent. Since this Markov chain is irreducible, recurrent, and aperiodic, it indeed satisfies the conditions to have an equilibrium distribution.
Following repeated application of the transition rule, many candidate clusterings have been generated. The pairwise probability p kk' that two structures k and k' are clustered is estimated by the relative frequency among the candidate clusterings that k and k' occupy the same cluster. The least-squared clustering [32] selects the candidate clustering closest to the estimated pairwise probabilities in terms of squared distances:
LS ϭ argmin
where ␦ kk' () ϭ 1 if k and k' occupy the sample cluster in clustering , and 0 otherwise. This method minimizes of a posterior expected loss of Binder [33] with equal costs of clustering mistakes.
To get an indication of clustering uncertainty, we propose to quantity we call the c-value. The c-value for a structure k in cluster S is the average pairwise probability of being clustered with the other structures in cluster S, i.e.,
where |S| is the size the cluster S. If an item has a high c-value, there is more confidence that structure is clustered appropriately. The clustering uncertainty can also be assessed by plotting a pairwise probability matrix. Arrange the rows and columns by the clustering as indicated by the least-squares clustering and make the color of each element indicate the value of the estimated pairwise probability. This plot makes it easy to see what clusters are well defined and which clusters are closely related or very different from other clusters. We give an example of this plot later in the paper. In implementing the procedure in this paper, we set ␣ ϭ 1 and t at a value between 15 and 45 so as to provide a few well-separated clustering. We applied the transition rule about 500,000 times. In repeated application of the algorithm to the same dataset, the resulting clustering very similar as measured by the adjusted Rand index [34] . is ϳ 5% larger than that expected for ions that fall on the globular mobility-mass trendlines [15] , which suggests that the ion structures are somewhat elongated (partial helix). MD simulations as described above yield a total of 3600 candidate structures for the [M ϩ H] ϩ ions and 631 fall within Ϯ2% of ⍀ meas . Figure 1a contains a scatter plot of energy versus ⍀ calc generated by annealing molecular dynamics. The dynamic clustering procedure described above was applied to the 631 structures that fall within Ϯ2% of ⍀ meas . The structural similarities among the candidate structures are revealed by plotting the pairwise probability matrix (Figure 1b) , where the color of the element (i, j) indicates the estimated probability that structures i and j have similar backbone coordinates. Possibly structures that fall within a given cluster may in fact share structural elements with another cluster. For example, cluster 1 contains conformations that are similar to each other as well as cluster 5, whereas the structures represented by cluster 2 are very different from those of cluster 5 and cluster 3. (see Figure 2) . That is, the tan color indicates high probability of being clustered (i.e., having similar structures), whereas the off-diagonal blocks of dark colors (i.e., dark blue or purple) indicate the clusters do not share structural features. Eleven potential clusters were generated for the 631 candidate structures; however, clusters 1, 5, 2, and 3 contain over 85% of the total structural elements of the ion populations. Backbone projections of all candidate peptide structures within the most populated clusters are overlapped and displayed in Figure 2 . The overlaid backbone structures of each cluster show random fluctuations, both in terms of backbone coordinates as well as positioning of the side chains. A representative structure for each cluster is obtained by selecting the structure with the highest c-value in the cluster. The c-value provides an indication of the certainty for each structure in the cluster. That is, a structure with a high c-value indicates a high confidence of being clustered appropriately; thus the structure with the highest cvalue should be the best estimate of a cluster.
Results and Discussion
Note that clusters 1, 5, 2, and 3 represent different conformations owing to coordination of the charge site and specific backbone carboxyl groups. 4 sequence. Note that 'the lowest energy structure' within the ⍀ meas corresponds to a helical turn conformation over the IFA sequence, similar to cluster 3; however, this structure comprises a minor portion of the total ion population.
Our ultimate goal would be to evaluate the ion structural distribution as a function of energy; however, structure-energy distributions are a function of both energy and reaction dynamics and our current methodologies do not allow for such detailed information. Higher-level calculations are underway to yield meaningful free-energy values for pursuing this important question [20] . Nonetheless, it is interesting to compare the range of energies for each conformation for the four most populated clusters. For example, ϳ80% of the structures in cluster 3 (␣-helix; 11% of the ion population) have energies ( Figure 3 ) that are lower than Ϫ20 kcal/mol, which suggests that a greater fraction of the low internal energy ions prefer cluster 3, whereas cluster 1 (␣-turn; 39% of the ion population) is comprised of higher energy conformers. These data raise an obvious question, is the structural population among the various clusters dependent on ion internal energy? ions were performed by placing Na ϩ ion on the neutral peptide backbone, and the resulting energy versus collision cross-section plot was similar to that shown in Figure 2 . The candidate structures that fall within Ϯ2% of the ⍀ meas (217 Ϯ 4 Å 2 (a total of 654 conformations) ϩ was taken from data published by Clemmer et al. [35] .
are subjected to cluster analysis. Cluster analysis yields a total four clusters, and two of these clusters contain ϳ84% of the total ensemble of representative structures (see Figure 4 right). These structures are characteristic of random coil amide backbones with the Na ϩ ion surrounded by the amide groups in what appears to be a 'charge-solvated' structure. When superimposed the two conformations comprising clusters 1 and 3 appear to be mirror images. Cluster analysis is performed on [N-Ac-MIFAGIK-N-Ac ϩ Na] ϩ and [MIFAGIK-O-Me ϩ Na] ϩ ions as well, the ⍀ meas are listed in Table 1 . These ions prefer random coil conformation that are similar to those for [MIFAGIK ϩ Na] ϩ ions.
N-and C-terminal Derivatives of MIFAGIK
To test the 'sensitivity' of the cluster analysis method, we introduce subtle variations in peptide ion composition. Protecting groups, which alter the polarity of the N-or C-terminus, may influence the conformational preference of small peptides [37] , and such changes are detected by using MD/cluster analysis for MIFAGIK on the side-chain of Lys 7 , whereas the proton is moved to the N-terminus for [N-Fmoc-MIFAGIK ϩ H] ϩ ions. Peptide sequences of two peptide ions are confirmed using tandem mass spectrometry and spectra are shown in Supplementary Figure 1 , which can be found in the electronic version of this article. As can be seen from the spectra, all the mass shifts are on y ions for ϩ ions. It is unclear whether these differences arise as a result of different structures or differences in the spatial projections of the Fmoc group, but more detailed studies on similar effects are currently underway.
Peptides with Bulky Protecting Group
Cluster analysis was performed on ϳ1000 candidate structures extracted from MD simulations for both peptide ions and results are illustrated in Figure 6 .
ϩ , three clusters contain over 100 structures. The dominant conformer represents ϳ60% of the total ensemble, and this conformer appears to adopt a random coil structure, which is attributed to hydrogen bonding between the protonated Lys 7 and backbone amide groups. The remaining most populated clusters exhibits a turn in the Ile 2 ϩ ions, the two most populated clusters account for over 70% of the total ensemble. Interestingly, both conformations contain a bridge between Ile 2 and Gly 5 which is quite different from that for peptides with the charge on Lys 7 . It is interesting to note that helical conformations are not found for this ion since the preferred charge site of [MIFAGIK-N-Fmoc ϩ H] is probably the N-terminus and the helix is probably destabilized by the interaction between the charge and the helix macrodipole.
Conclusions
Cluster analysis of IM-MS data is a powerful approach for classification of peptide structures derived from molecular dynamics simulations. Each cluster represents probable conformations observed for gas-phase ions. Specifically for the peptide MIFAGIK, cluster analysis suggests that [M ϩ H] ϩ ions formed by MALDI or ESI both prefer a ␣-turn structure; this structural preference is probably the result of stabilization afforded by charge-solvation by the backbone amide groups. That is, there appears to be a significant preference for helical or partial helical conformers by the low-energy ions, but the major fraction of the ion populations exists as ␣-turn, random coil, and ␤-turn conformers. Although the derivatives of MIFAGIK that influence charge site and intramolecular interactions alter the distribution of various conformers, the most dramatic changes are observed for the [M ϩ Na] ϩ ion, which show a strong preference for random coil conformers owing to the strong solvation by the backbone amide groups. We tested the 'sensitivity' of the cluster analysis method by introducing subtle variations in peptide ion composition as well. For example, the N-acetyl and methylester derivatives as well as the Boc and Fmoc derivations all share very similar backbone structures. All the results presented here support the hypothesis that difference in collision cross-sections for MIFAGIK peptide ions are related to the different orientation of side chains, i.e., MIFAGIK is a small peptide which has limited degrees-of-freedom for positioning backbone structural elements. We are currently expanding these studies to studies of the results to larger peptide systems in an effort to increase statistical confidence of gas-phase conformation assignment.
